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We show that logical signals encoded in bistable states in semiconductor microcavities can be generated and controlled electronically by exploiting the electrical sensitivity of Tamm-plasmon-exciton-polariton modes. The signals can be transported along polariton neurons, created with a patterned metal surface. Using the Gross-Pitaevskii equations, we simulate an electrically controlled transistor and find that high repetition rates ͑10 GHz͒ are possible. Exciton-polaritons are part-light part-matter quasiparticles which govern the optical properties of semiconductor crystals at low temperature. 1 Recently, a number of fascinating effects related to exciton-polaritons have been discovered in semiconductor microcavity structures where a confined optical mode is brought into resonance with an excitonic transition. The fundamental discoveries of the Bose-Einstein condensation [2] [3] [4] of exciton-polaritons and their superfluidity 5 at elevated temperatures have paved the way toward the realization of a new generation of optoelectronic devices. 6 From the technological point of view the nonlinear optical effects linked with exciton-polaritons are of particular interest. The recently demonstrated optical bistability in a biased microcavity with an extraordinarily low switching power 7 demonstrates the feasibility of optical integrated circuits based on "polariton neurons" in planar microcavities. 8 In order to produce such devices, exciton-polaritons in microcavities must be confined in lateral channels, where the propagation of domains of high-density exciton-polariton liquid may be controlled by external light or electrical bias. Recently it was shown that such channeling of polaritons is possible using hybrid Tamm-plasmon-exciton-polariton modes ͑TPEPMs͒ which are formed under thin metallic stripes deposited on the top of a planar semiconductor microcavity. [9] [10] [11] TPEPM states are redshifted from the bare cavity polariton modes by several meV, which provides efficient onedimensional confinement. Exciton-polariton transistors, switches, and logic gates based on TPEPMs would operate at gigahertz frequencies, have extremely low switching power, and be easily integrated on a chip.
The development of practical optical integrated circuits would represent a revolutionary breakthrough in modern optoelectronics, making possible ultrafast information processing with extremely low losses. However, the realization of optical integrated circuits is a complex task which cannot be achieved without exploiting new physical effects, device concepts, and technological approaches. We propose exploiting the newly discovered effects of polariton-mediated optical bistability, plasmon-polariton coupling, and propagation of polariton domain walls in microcavities in a concept of an optical integrated circuit. It is based on several ideas, namely: ͑i͒ bistable switching of the optically driven polariton state due to nonlinear polariton-polariton interactions, 12 which has been experimentally observed recently;
13,14 ͑ii͒ channeling of polaritons below metallic stripes due to the hybridization of the Tamm-plasmon states and cavity exciton-polaritons; ͑iii͒ electrical control of the detuning between the exciton-polariton mode and the pumping laser due to the quantum confined Stark effect; and ͑iv͒ propagation of domain walls between different bistable states.
Polariton transistor scheme. Figure 1͑a͒ shows schematically our proposed building block of future polariton integrated circuits: a polariton spin transistor. The figure illustrates a conventional planar microcavity in which Bragg mirrors confine light so that it interacts strongly with excitons in a quantum well. However, in addition our structure has a patterned metal structure on the top surface, comprising a chain of four segments. The band structure of excitonpolariton modes in a microcavity can be strongly affected by the presence of a metallic layer on the top of the structure ͓as apparent in Fig. 1͑c͔͒ , and this can be used to provide the lateral confinement necessary for integrated circuits. The thicknesses of the metallic layer and of the semiconductor layer next to it determine the energy of the Tamm-plasmon mode localized at the metal-Bragg mirror interface. [9] [10] [11] If the Tamm plasmon is strongly detuned from the cavity polariton modes, the effect of the metal is to blueshift the cavity modes by ϳ0.4 eV. 4 On the other hand, if the Tamm plasmon is put in resonance with the cavity polaritons, a new hybrid TPEPM can appear, which has components of the exciton state, cavity photon, and Tamm plasmon. The lowest TPEPM is redshifted with respect to the lowest bare cavity polariton mode, with the size of the shift dependent on the exciton oscillator strength and the parameters of the Bragg mirror between the cavity and metal. 11 For applications in polariton integrated circuits at low temperatures, a shift of about 5 meV would provide sufficient lateral confinement, and this can be easily achieved in GaAs-based structures. For roomtemperature operation, the larger lateral confinement potential necessary can be achieved in GaN-based systems. Selective optical excitation of the TPEPM is achieved by tuning the photon energy of a continuous-wave ͑cw͒ laser to lie between the lowest TPEPM and the lowest cavity polariton mode outside the channel. In this case, there is no absorption of light in the regions of the sample not covered by metal. TPEPMs are confined in the channels and the lowest TPEPM absorbs laser light only if its energy is tuned to the laser energy. This tuning can be achieved and controlled by the application of an electric field across the cavity ͑in the direction normal to the cavity plane͒. An electric field affects the exciton energy and oscillator strength due to the quantum confined Stark effect, which leads to the shift of the TPEPMs as well. Electric fields to control the local TPEPM energy selectively can be produced by applying a potential difference relative to the structure's back contact to one or more of the four metallic segments. Figure 1͑b͒ shows the response of the polariton density to the intensity of a circularly polarized cw optical pump. The different curves represent the cases of different detunings between the optical pump photon energy and the lowest TPEPM energy ͑we define the detuning as that measured in the low-density regime rather than defining a renormalized detuning͒. By varying the electrical potential applied to a segment the detuning in its locality can be varied and a particular response as represented by the curves in Fig. 1͑b͒ can be selected ͓an increase in the applied electric field causes an increased redshift of the TPEPM energy as shown in Fig.  1͑d͒ ; see also discussion below͔. We consider a device with the initial condition that all segments have the same applied potential and hence the same detuning ⌬ 0 . Illuminating the whole system by a broad area optical pump, each segment is initially in a low polariton density state of the TPEPM ͓given by the intersection between the vertical gray line and the lower branch of the ͑red͒ solid curve in Fig. 1͑b͔͒ .
A signal in the structure can be triggered by lowering the potential applied to the first segment so that the local detuning is reduced to the value ⌬ 1 , corresponding to the ͑green͒ dashed S-shaped curve in Fig. 1͑b͒ . We expect the change in the potential to cause a major increase in the polariton density ͓given by the point where the vertical gray line intersects the ͑green͒ dashed curve͔. Furthermore, polaritons have a particularly light effective mass, which allows them to propagate over micron-scale distances during their short lifetime. The high population of polaritons in the first segment thus begins to spread, tunneling across the narrow gap into the second segment. As a result the increasing polariton population in the area just inside the second segment switches to the upper branch of the ͑red͒ solid S-shaped curve in Fig. 1͑b͒ . This switching effect continues across the whole segment and indeed across segments later in the chain. In analogy with biological neurons, the signal is carried as a propagating change in the state of the system along the channel. While the signal of a biological neuron is encoded as a switch in the relative concentrations of charged ions across the axon membrane, a polariton neuron encodes the signal as a switch in the local polariton density. Note that just as biological neurons do not rely on charged ions traveling down the whole length of the neuron, the same is the case with polaritons in polariton neurons. Therefore, the signal can propagate substantially further than the distance a single polariton can be expected to travel-in fact the signal is able to propagate to the edge of the cw optical field.
Exciton redshift due to an applied electric field. Before presenting theoretical modeling of our proposed device, we give details on how the exciton redshift can be related to an applied electric field. Although excitons localized in the quantum well are electrically neutral, their components ͑electrons and holes͒ have opposite electric charges and therefore interact with the electric field. As a result, an applied electric field leads to distortion of the exciton wave function and to the change in the exciton energy and the exciton oscillator strength. [15] [16] [17] To determine the exciton energy, we use the model of Ref. 16 with a separable exciton trial wave function of the form
where the unperturbed exciton in-plane wave function is
in which a B is the two-dimensional exciton Bohr radius and r ជ e,h are the in-plane components of the electron and hole spatial coordinates. The wave functions ⌿ e and ⌿ h describe the electron and hole wave function behaviors in the direction normal to the quantum well plane ͑the spatial coordinates are denoted as z e and z h for electrons and holes, respectively͒. The appropriate Hamiltonian for the problem is ͑Color online͒ ͑a͒ Schematic diagram of a semiconductor microcavity with metallic electrodes used to realize an electrically controlled polariton neuron. A strip of metal on the surface is divided into four segments, which are individually connected to an electrical supply ͑not shown͒ allowing the polariton potential to be changed in each segment. Note that the diagram is not to scale; in reality the lateral size of the metal strip is larger than the height of the structure. ͑b͒ Dependence of the polariton density on the optical pump intensity for different values of the detuning ͑⌬ 1 Ͻ⌬ 0 Ͻ⌬ 2 ͒ between the optical pump photon energy and the lower polariton energy. The detuning can be changed in the different segments by varying the applied electric potential. For a pump intensity close to the vertical gray line, switching between the different curves can have a major effect on the polariton density. ͑c͒ Dispersion relation for cavity polaritons ͑blue dashed curve͒ and hybrid TPEPM ͑green solid curve͒. The lowest-energy hybrid state is redshifted by several meV with respect to the lowest polariton mode in the vicinity of metal overlay, providing localization of exciton-polaritons in the channels below the metallic segments. ͑d͒ Redshift of the ground TPEP modes ͑solid curve͒ and exciton modes ͑dashed curve͒.
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where the particle momenta are denoted by operators p e,h , their masses ͑depending on the particle position either in the well or in the barrier͒ are m e,h , and the quantum well confining potentials are V e,h . The electron charge is e, the intensity of the applied external electric field perpendicular to the quantum well plane is F, and the dielectric constant of the structure is ⑀. Using the trial wave function of Eq. ͑2͒ and Hamiltonian ͓Eq. ͑3͔͒, we solved the static Schrödinger equation iteratively, obtaining the electron and hole wave functions from which the exciton energy E ex and relative oscillator strength f rel are calculated according to the following equations:
Here, the wave functions unperturbed by an external electric field are denoted by the subscript "F =0." Device modeling. Returning to the device proposed in Fig.  1, Fig. 2 shows the results of modeling the triggering of a propagating signal, following a change in the electric potential applied to the first segment. The spatial effects present in the system have been fully accounted for by using the GrossPitaevskii equation 18, 19 for the polariton field ͑r ជ , t͒, iប ‫͑ץ‬r ជ,t͒ ‫ץ‬t
Here, we neglect the polarization degree of freedom, assuming that the optical excitation f͑r ជ , t͒ is circularly polarized. The energy of the pump can be accounted for by the inclusion of an oscillatory factor e −it in the time dependence. Ê LP is the kinetic-energy operator, which should account for the nonparabolic dispersion of polaritons. The eigenvalues of Ê LP can be written in reciprocal space as
where ⍀ is the Rabi splitting and E C and E X are the bare cavity photon and exciton energies, respectively, for which we take parabolic dispersion relations characterized by effective masses m C and m X . Returning to Eq. ͑6͒, represents the polariton lifetime and ␣ represents the strength of polaritonpolariton interactions. W͑r ជ , t͒ is the potential experienced by polaritons, which is spatially dependent due to the metallic structure built into the microcavity design, and is time dependent because of the changes in potential applied to the metallic segments. Equation ͑6͒ can be solved numerically with the initial condition ͑r ជ , t =0͒ = 0. In our calculations we used the following parameters, typical for state-of-the-art GaAs-based microcavities: 7 ⍀ = 10 meV, m C =3ϫ 10 −5 m ͑m is the freeelectron mass͒, m X = 0.22m, = 3 ps, ⌬ 0 = 0.5 meV, ⌬ 1 = 0.4 meV, and ⌬ 2 = 0.8 meV. It was assumed that the metal strip causes a 5 meV redshift of the TPEPM beneath it with respect to the lowest-energy exciton-polariton mode elsewhere.
In Fig. 2 it is apparent that the signal propagates across all four segments. The signal propagation observed in Fig. 2 is dependent on maintaining the potential bias in the second, third, and fourth segments so that the detuning remains as ⌬ 0 . If we were to switch the potential in the third segment so that the local detuning had the substantially larger value of ⌬ 2 , corresponding to the ͑blue͒ dotted curve in Fig. 1͑b͒ , the signal would not be able to propagate between the second and fourth segments. The results of modeling this case are shown in Fig. 3 and demonstrate that the device can behave as an electro-optic transistor in which the optical signal is electrically controlled. The whole device can be reset by temporarily applying a potential corresponding to a detuning of ⌬ 2 to all segments.
Other functionalities are also straightforward to produce using polariton neurons. Signals can be duplicated by splitting channels or combined in OR logic gates simply by combining channels. 8 Polariton neurons are also able to link multiple elements in a circuit together, a facility not afforded by many other optical logic element concepts. Without requiring external optics ͑other than a single broad excitation field͒ a polariton neuron-based optical circuit fits comfortably into a single compact microcavity. Typically each element in the optical circuit functions on a time scale of 100-200 ps cor- FIG. 2. ͑Color online͒ Response of the polariton intensity in the microcavity plane when the potential in the first segment is altered such that the pump-polariton detuning is changed from ⌬ 0 = 0.5 meV to ⌬ 1 = 0.4 meV. Initially the intensity in the first segment increases. Polaritons then propagate into the second region where there is a switching to the higher intensity state allowed by bistability. The polariton signal continues to a distance limited by the extent of the optical pump ͑which has a 40 m half-width at half-maximum in the x direction in the calculation͒.
responding to a repetition rate of 5-10 GHz. The power requirements are also favorable; the high strength of excitonexciton interactions makes it possible to achieve the nonlinear regime needed for bistability with relatively low optical power. For example, a power of 2.8 mW has been used to achieve bistability in GaAs-based microcavities. 13 Future samples, perhaps based on GaN, are expected to operate at even lower powers, partly due to the increased exciton-exciton interaction strength and partly due to higher cavity Q factors.
We have shown how the electrical sensitivity of optical bistability in semiconductor microcavities could be used to construct a new generation of electro-optical devices with compact size and low power consumption. Although we have focused on fully integrated electro-optical logic circuits, it is also possible to imagine using the electrical control of polariton intensity as the basis of bistable memory devices, which could switch on time scales on the order of the polariton lifetime ͑ϳ3 ps͒ and have long memory lifetimes, at least as long as the laser coherence time. In another application, a suitably patterned metallic structure could provide the spatial control to produce an array of bistable elements acting as a spatial light modulator. It is also worth noting that spatial phase coherence can be naturally attained from the spatial coherence of the laser, suggesting that microcavities could also find application in phase array optics.
An important new functionality of polariton integrated circuits may be achieved by taking advantage of the polarization degree of freedom of exciton-polaritons. 20 The polarization multistability ͑i.e., coexistence of right-circularly, left-circularly, and linearly polarized stable states 12 ͒ makes possible the realization of schemes with encoding above binary logic. A theoretical proposal for all-optical polariton polarization switches 8 has been recently demonstrated experimentally. 14 In conclusion, until recently, semiconductor microcavities have been considered almost exclusively for applications in solid-state optical sources. 6, 21 However, now it is apparent that they are extremely promising as the basis of devices with applications in ultrafast information processing. Indeed, it is clear that we have only just begun to appreciate the potential of cavity plasmon-exciton-polariton systems. 3 . ͑Color online͒ The same situation as in Fig. 2 but a potential is also applied to the third segment, such that the pumppolariton detuning there is ⌬ 2 = 0.8 meV, and blocks the signal propagation along the polariton neuron.
